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The intimate association of chemistry and light ranges from fireworks displays and the color of solutions and precipitates to the spectroscopic analysis of new and unknown substances. The advent of the laser has only served to strengthen this natural bond, so that no major chemical research laboratory is without lasers today. Because of its high power, directionality, purity of color, and temporal coherence, the laser has become a highly versatile tool, first applied to the study of how chemical reactions occur, then to initiate chemical reactions upon irradiation, and finally as an extremely sensitive and selective means to analyze for the presence of chemical substances of interest. It is this last topic which is the subject of this brief selective review in which outstanding examples of recent advances in chemical analysis based on laser techniques are presented. Laser methodologies promise to improve dramatically the detection of trace substances embedded in "real" matrices, giving the analyst a most powerful means for determining the composition of materials.
Multiphoton Ionization
One of the most promising laser techniques is multiphoton ionization (MPI), in which an atom or molecule absorbs more than one photon to cause ejection la). If, however, the energy of one photon lies below the ionization threshold, ionization can occur only by the simultaneous absorption of several photons whose energy sum exceeds the ionization potential (Fig. 1, b and c) . Multiphoton processes may involve virtual levels ( Fig. lb) which are not eigenstates (real levels) of the isolated atom or molecule. The lifetime for such virtual levels is often on the order of 10-15 second. The MPI process is said to be resonant when the energy of an integral number, n, of photons approaches closely the energy of an n-photon-allowed transition. Because real levels have lifetimes typically of 10-9 to 10-6 second, the probability for absorbing subsequent photons is Summary. Selected applications of laser methods to analytical problems are reviewed. Examples are chosen from multiphoton ionization and laser fluorescence analysis. Although efforts to carry out elemental analysis with laser techniques are probably the most advanced, studies suggest that the analysis of molecular species is also quite promising, particularly in regard to interfacing laser fluorimetric detection with high-performance liquid chromatography. Recent experiments indicate that analysts can expect to attain in a number of cases the ultimate limit of single-atom or single-molecule detection with laser-based methods.
of an electron (1, 2) . This nonlinear process is made possible by the high intensity of laser light sources. We first review how the MPI process works, then describe some recent applications. Figure 1 compares multiphoton ionization to single-photon ionization. If the energy of the photon exceeds the ionization energy of the target atom or molecule, the target species will be ionized and can be detected by measuring the subsequent positively charged choice of the excitation wavelength gives REMPI its selectivity, and it is the availability of powerful tunable lasers that makes REMPI a nearly universal detector. One or more laser photons with the same or different frequencies may be employed, and variations include field ionization of high-lying Rydberg levels (3) (4) (5) .
Because the laser intensity required for MPI is high, energy levels are often Stark-shifted. In practice, the laser intensity in the (focal) detection volume is uniform in neither space nor time, causing the target species to be subjected to a wide range of different intensities. This results in broadened line profiles of the resonant MPI process since different shifts occur in the interaction volume. Consequently, REMPI of atomic systems has poor selectivity with regard to different isotopes, although for molecular systems with much larger spectral isotope shifts REMPI can easily be made to be isotopically specific (6) . In either case, isotopic analysis is usually realized by combining REMPI with mass analysis, using, for example, time of flight (TOF) (7-9), reflectron (10), quadrupole mass filter (11, 12) , or ion cyclotron resonance (13, 14) .
Bound-to-continuum transitions having cross sections typically less than [10] [11] [12] [13] [14] [15] [16] [17] (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) are pursuing the development of this method, which promises to permit trace analysis for some materials at concentrations below parts per billion (ppb) and in special cases parts per trillion (ppt). Immediate applications are in the analysis of semiconductor crystals, whose electrical properties are markedly altered by minute amounts of lattice impurities.
It is useful to make some comparisons with a well-established tool for surface analysis, secondary ion mass spectrometry (SIMS), which involves the analysis of the charged particles ejected from ionbombarded surfaces (29, 30) . The -10 ppb detection limit in SIMS arises from three sources: (i) the fraction of ejected particles that are charged is often 10-3 or less; (ii) the sorting of the charged particles by mass using quadrupole or magnetic sectors involves ion transmissions in the range of 10-3 to 10-4; and (iii) secondary ion formation is strongly influenced by the sample matrix, making quantification of measurements extremely difficult.
Surface analysis by MPI detection of the desorbed neutral components appears to be an improvement over the sensitivity and reliability of SIMS and at the same time can be applied to a wide range of surface materials, overlayers, and adsorbates. An important aspect of this laser surface analysis technique is that the desorption step is separated spatially and temporally from the ionization step, unlike the process in SIMS. This separation permits detection of the majority neutral fraction, greater control in the choice and type of the probe and ionizing beams with a resultant reduction in surface damage, a gain in quantitation of the ionization step, and avoidance of the large matrix effects seen when the ionization probability of the analyte varies strongly with the chemical environment. The laser ionization step may be resonantly enhanced or nonresonant. In the former case, as in recent studies of the sputtering of indium from an indium metal surface (19) (20) (21) , mass analysis may be unnecessary, and there is a corresponding gain in sensitivity. Recent examples of this are the detection of as few as 1011 sodium atoms per cubic centimeter in laser ablation of single-crystal silicon (22) and the detection of iron at 50 parts per million (ppm) in iron-doped silicon targets (25, 26) .
In the nonresonant case, it may be possible to carry out a simultaneous analysis of all of the neutral components evolving from the surface by using some form of TOF mass spectrometry, which permits simultaneous recording of all the ions. Quantitative analysis of relative amounts of desorbed species then requires knowledge of the relative nonresonant MPI efficiencies at the laser frequency employed. Figure 2 presents a portion of a TOF mass spectrum taken of the standard reference material NBS copper C1252 (27, 28) . The room temperature sample was bombarded by a pulsed 1-,uA, 2.7-keV argon ion beam, and the sputtered species were ionized by using pulsed (10-Hz) krypton fluoride (KrF) excimer laser radiation at 248 nm with a focused intensity of 7 GW/cm2.
The data collection time was 1 hour. For Fig. 2 (27, 28) . This method appears to be well suited for studying the kinetics of surface segregation of impurities and differential evaporation.
Another striking application of laser multiphoton ionization to chemical analysis is the demonstration that individual atoms of nearly every element can be counted, one by one, in a gas sample or flow (16, 31, 32 (36, 37) . Figure 3 is a diagram of the experimental setup, in which (i) a flash lamp-pumped dye laser is fired at krypton atoms condensed on a liquid helium-cooled finger to "bunch" them together in the ionization region (38) ; (ii) after a 7-,usec delay, the krypton atoms are resonantly ionized with a three-photon excitation scheme; (iii) the krypton ions are isotopically selected with a quadrupole mass filter of modest resolution; and (iv) the ions are accelerated to 10 kV onto a Be-Cu target, where they are implanted, while at the same time an electron multiplier with a gain of more than 106 counts each implanted ion by detecting the secondary electrons emitted by the target. Since the implanted krypton atoms remain "buried" in the Be-Cu target nearly indefinitely at room temperature, every istopically selected krypton atom will be counted once and only once (provided the sticking coefficient is unity). On the other hand, should a recount be desired, it is possible to expel all the inert gas atoms by heating an appropriately chosen target material under vacuum to an elevated temperature (39) . This recycling technique may permit isotopic enrichment before final counting, if desired.
While past analytical applications of multiphoton ionization have concentrated almost exclusively on elemental analysis, there is no reason why the same principles will not permit single molecule detection. Already impressive advances have been made in detecting molecular hydrogen and its isotopic analogs (40) (41) (42) , not only in identifying this species but also in determining the relative populations of individual quantum states. With regard to surface analysis, experiments have been reported on the REMPI detection of 10-8 to 10-10 of a monolayer of anthracene and naphthalene adsorbed on graphite (23). Once again it is possible to increase the sensitivity of the MPI detection scheme by accumulation of the molecules on a cooled substrate followed by pulsed desorption and photoionization above the surface (43) . Extensive fragmentation of polyatomic ions is common in MPI (1), but often can be avoided by the choice of wavelengths and power levels. In either case, there is a great need to develop the necessary data base to allow these methods to become useful analytical tools. Perhaps it will also be possible to exploit the kinetic energy distribution of the photoelectrons, which carries a characteristic signature of the neutral species whose detection is sought.
Laser Fluorimetry Multiphoton ionization rates are usually limited by the small cross sections (10-17 to 10-19 cm2) for bound-to-continuum transitions. On the other hand, typical cross sections for strongly allowed SCIENCE, VOL. 226 6.
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4. on June 2, 2011 www.sciencemag.org transitions are 10-11 to 10-14 cm2. Thus, in cases where laser fluorescence is applicable, the effective detector volume often exceeds 103 times that for MPI, which may tip the balance in favor of laser fluorimetry for sensitive detection problems (33) .
As in the case of MPI, maximum sensitivity is achieved by saturating the fluorescence transition. Such saturation effects may be particularly well suited for the detection of atomic species whose upper level reradiates nearly exclusively to the lower level being pumped. This may result in a "burst" of fluorescence photons when the atom passes through the laser beam (provided the radiative lifetime is short compared to the passage time). By recording such correlated fluorescence bursts a significant discrimination against background interference is achieved, allowing single-atom detection, particularly for single ions confined in a trap (44) (45) (46) (47) (48) . However, saturated fluorescence may be less useful for the detection and quantitation of molecular species in which the upper level reradiates typically to many lower levels (49) .
The detection of atoms by laser-induced fluorescence has been used to advantage in measuring atomic constituents, velocity distributions, and relative populations of excited state and fine structure levels of atoms sputtered from surface samples (50) . Important applications of this work involve diagnostics for plasma devices and the determination of wall integrity of confined plasma sources.
Laser fluorimetry is also well suited for trace analysis of complex organic mixtures in solution (51) , where a sensitivity limit approaching that of singlemolecule detection may be possible (52, 53) . For volatile organics, gas chromatography in combination with such detectors as mass spectrometry is often the analytical method of choice, but for nonvolatile organics, a standard method of separation is high-performance liquid chromatography (HPLC) (54) . Unfortunately, HPLC generally has poorer resolution than gas chromatography, and so far it has not been easy to combine it with powerful detectors such as mass spectrometers, although laser desorption mass spectrometry in combination with thermospray sample deposition appears to hold much promise for that purpose (55) . The separation power of HPLC can be significantly incre4sid by the use of microcolumns, which are generally of three types: narrow-bore packed columns, packed capillary columns, and 19 OCTOBER 1984 open tubular capillaries (56) . However, each of these requires analysis of minute quantities of effluent from the microcolumn. Indeed, the burden is placed on detector methods to compensate for the lack of chromatographic resolution of HPLC, and the development of sensitive and selective detectors for this purpose may be the gating factor in the use of microcolumn HPLC. It is in this area that laser methods have the potential for making an important advance (57) .
Because of their coherence properties, lasers can deliver to a far-field target a highly collimated beam of light with power levels in excess of 10 mW and in some cases in excess of 10 W. In contrast, a sample exposed to the 254-nm output of a 100-W mercury-arc source receives only -5 mW, and possibly even less if this radiation cannot be efficiently coupled into a small detection volume. However, laser power alone does not necessarily improve the limits of detection in laser fluorimetry, because these limits are usually set by background interference from the sample on which the fluorescence signal of interest is superimposed. This background interference arises from scattering of the laser light from cell walls (58), elastic (Rayleigh) scattering of the laser light, inelastic (Raman) scattering of the laser light, and fluorescence from other interfering species. A number of groups are actively seeking ways to overcome these limitations. Clearly, one of the easiest improvements is to employ (nonfluorescent) filters that transmit the fluorescence but reject scattered light at other wavelengths. Conventional fltuorimetric systems have an excitation bandwidth on the order of 10 nm, so that the Rayleigh and Raman components of the scattered light are at least of comparable width. On the other hand, laser sources are typically narrower than 0.1 nm, and the possible reduction of the width of the Rayleigh and Raman components may aid in their rejection. Further discrimination may also be achieved by placing a polarization analyzer in front of the fluorescence detector, since Rayleigh scattering and the stronger Raman features are generally polarized. Beyond these improvements, a number of other options are available.
One approach is to eliminate interference arising from cell walls by using a "windowless" fluorescence cell in which the flowing sample forms a suspended droplet or a free-falling jet at the exit of the column (59) (60) (61) . Vibrations and multiple reflection at the droplet-air or jet-air interface may adversely affect the performance of this system, but it has been possible to detect as little as 20 fg (2 x 10-14 g) of fluoranthene in 10 54l of hexane eluting from a microcolumn (61) .
Another alternative is to couple the capillary tube to an optical fiber, which can be placed very close to the focused laser beam to achieve excellent collection efficiency (62, 63 (72) . Application of laser fluorimetry to microbore HPLC is still far from routine but appears to hold much promise. This is illustrated in Fig. 4 , in which 16 polynuclear aromatic hydrocarbons of low molecular weight are separated on a packed narrow-bore microcolumn (73 
